Abstract: Clinically significant laxity occurs in 10%-30% of knees after anterior cruciate ligament reconstruction. Graft slippage and tension loss at the hamstring graft tibial fixation site during and after reconstruction surgery contribute to postoperative joint laxity and are detrimental to long-term knee stability and graft properties. Limiting graft slippage will reduce associated complications. We sought to compare the in vitro mechanical properties and in vivo joint stabilization, postoperative limb use, and graft incorporation of the novel GraftGrab™ (GG) device designed to reduce hamstring graft tibial fixation slippage with the commercially available bioabsorbable Bio-Post™ and spiked washer (BP). Mechanical testing was performed on canine tibia-hamstring graft constructs to quantify initial fixation properties. In vivo joint stabilization, postoperative limb use and graft incorporation of hamstring graft reconstructions were determined in a canine model. Outcomes included tibial translation and ground reaction forces preoperatively and 4 and 8 weeks postoperatively, three-dimensional graft and bone tunnel dimensions at the latter two time points, and graft-bone microstructure, as well as mechanical properties 8 weeks after implantation. Immediately after fixation, all grafts slipped from the BP constructs versus about 30% of GG constructs. In vivo limb use remained low, and tibial translation increased with time in the BP cohort. These results together confirm that initial graft slippage is lower with GG versus BP extracortical hamstring graft tibial fixation. In addition, postoperative recovery and joint stability are more consistent with the GG. This information supports the GG as an alternative to extracortical tibial hamstring graft fixation that has procedural advantages over current implants and reduces graft failure from slippage.
Introduction
Soft tissue anterior cruciate ligament (ACL) graft reconstruction with hamstring tendon grafts is a common procedure. [1] [2] [3] [4] [5] [6] Up to 17% of patients suffer from ACL reconstruction laxity failure attributable to graft tension loss during implantation and postoperative cyclical loading. 5, [7] [8] [9] To avoid recurrent joint instability, an increase in joint laxity should be avoided, 10 but clinically significant knee laxity occurs in 10%-30% of knees within 4 months of ACL reconstruction. 11, 12 The ability to estimate and maintain graft length and tension is compromised by implants that require multiple maneuvers during application. 9, 13, 14 Postoperative slippage at the fixation sites, graft elongation, and reduced graft construct stiffness contribute to increases in joint laxity. 15 The tibial fixation is the weakest point of a femur-graft-tibia construct after hamstring graft ACL reconstruction, and graft lengthening at the tibial fixation is often due to failure at the graft-fixation device interface. 11, 16, 17 Cortical and intratunnel hamstring graft fixation are largely comparable. [18] [19] [20] [21] With contemporary cortical and tunnel implants, graft tension decreases and knee laxity increases following in vitro device application and loading of tibial hamstring graft fixations. 9 In addition, the strong initial tibial fixation required for postoperative rehabilitation is difficult to achieve and maintain until graft incorporation using conventional devices. 5, 8, 22 Devices to optimize soft tissue graft fixation to the tibia are needed to reduce graft slippage and joint laxity. The GraftGrab™ (GG, Tesa Medical, Inc., Worcester, MA, USA) was designed to reduce joint laxity associated with graft slippage and to obviate the need for specialized instrumentation and site preparation for graft fixation. The purpose of this study was to compare this novel, bioabsorbable device with the commercially available bioabsorbable screw and washer (Bio-Post™ and spiked washer [BP, Arthrex, Naples, FL, USA]) in a canine hamstring graft cranial cruciate ligament (analogous to human ACL) reconstruction model. The in vitro mechanical properties as well as in vivo joint laxity, graft and bone tunnel dimensions, postoperative limb use, and graft microstructure were evaluated. We hypothesized that in vitro graft slippage would be lower and postoperative joint stability higher with the GG than with the BP.
Materials and methods
This investigation was initiated after approval by the Institutional Animal Care and Use Committee (Protocol 10-004).
Study design
Hamstring grafts were fixed to the medial tibial cortical surface with a BP and spiked washer or with a GG in paired adult canine cadaver limbs (n = 6 per cohort). Tibia-graft constructs were tested to failure in tension (in vitro study). Next, hamstring graft reconstructions were performed in one stifle (canine knee) of 14 dogs (4.1 ± 0.3 years, 23 ± 2.4 kg, mean ± standard deviation) (in vivo study). 23, 24 Grafts were secured to the femur with an Endobutton™ CL Ultra (Smith and Nephew, Andover, MA, USA) and to the tibia with a BP or a GG (n = 7 per cohort). 25 Joint laxity 26 and ground reaction forces 27 were quantified before and at 4 and 8 weeks after surgery, and computed tomography scans were performed at the latter time points. After sacrifice 8 weeks after surgery (Beuthanasia-D Special ® , Schering-Plough Animal Health, Union, NJ, USA), mechanical testing was performed on tibia-graft constructs, 25 and graft integration into tibial bone tunnels was evaluated with light microscopy. 23 Power analysis revealed that to detect a mean difference in failure strength of 27.9 N, ie, a 30% difference, the sample size needed to obtain a power of at least 0.75 (α = 0.05) was six samples using the Student's t-test (effect size 0.9). 25 A difference of 27.9 N is approximately 16.5% of the walking force, ie, 169 N, experienced by the human ACL during level walking. 12 The same sample size was needed to detect a minimum difference of 1.5 (unitless) normalized total tibial translation (joint laxity) at power of 0.8 using multivariate analysis of variance (effect size 0.9). 26 We had 12 joints available for the initial mechanical testing study and 14 canines available for the in vivo study; thus, there were 12 grafts (n = 6 per treatment) available for the initial mechanical testing, and 14 joints (n = 7 per treatment) available for in vivo and post mortem assessments.
implants
The GG ( Figure 1A ) has two parts, a base (diameter, 19.0 mm; height, 5.5 mm) and an interconnecting cap composed of poly-L-lactic acid, a bioabsorbable polymer. 28 The base has a central hole with an attached hollow sleeve (3 mm long, 5.5 mm outer diameter, 4.5 mm inner diameter) extending from the flat surface of the base into the bone tunnel. On the opposite surface are struts with notches for the cap hinge on one side and serrations that interdigitate with cap serrations on the opposite side. The hinge of the cap is snapped onto the struts and the graft is pulled through the hollow sleeve as it is pressed into the bone tunnel such that the flat surface of the washer abuts bone. The graft is tensioned, positioned across the base 90° to the bone tunnel, and then secured by pressing the free end of the cap onto the base. The tapered BP (10 mm head, 6.35 mm maximum cancellous thread diameter) and spiked washer (10 spikes, height 4.5 mm, Figure 1B ) are also composed of poly-L-lactic acid.
graft preparation
Grafts harvested from the gracilis, semitendinosus, and cranial tibialis fascia were trimmed to a width and length of 1 cm × 15 cm, twisted to a diameter of 4.5 mm, and wrapped in a Chinese finger trap of #2 polyglactin 910. 23 For in vitro GG fixations, the graft was passed through a 4.5 mm tibial tunnel from the cranial aspect of the gracilis-semitendinosus insertion to the articular insertion of the cranial cruciate ligasubmit your manuscript | www.dovepress.com Dovepress Dovepress ment, leaving 2 cm exiting the tunnel distally and 6 cm at the joint surface. Tension was applied to the proximal graft while the distal aspect was pulled taut and secured. For BP fixations, a 3.2 mm tunnel 7 mm distal to the graft tunnel and perpendicular to the tibial long axis was decorticated to a diameter of 6.5 mm and tapped. A BP was passed through a washer and engaged in bone, and the graft was passed around the BP, tensioned as above, and secured by advancing the screw and washer.
Mechanical testing
Rear limbs harvested immediately post mortem were stored at −20°C and thawed on the day of testing or tested within 2 hours of harvest 8 weeks after graft reconstruction. Tibiae were potted with polyester resin in aluminum cylinders for mechanical testing after removal of all soft tissues. A 12 mm diameter cross pin through the cylinder and bone 40 mm from the cylinder's proximal edge was used to affix the specimen to a custom testing fixture attached to the load cell of a materials testing system (8841 Dynamite, Instron ® , Canton, MA, USA). Within the fixture, the specimen had 2° of freedom in the horizontal plane. The fixture itself had unconstrained rotation about an axis perpendicular to the cross pin ( Figure 2 ). The graft was clamped in pneumatic versa grips with serrated faces (Instron ® ) 5 mm from the articular surface and a 5 N preload applied so that the graft and bone tunnel became aligned with the direction of tension. The testing fixture was then immobilized for testing. A single cycle load to failure (60 mm per minute) was applied following three conditioning cycles (2% strain, 0.5 Hz). Stiffness, yield and failure load, displacement, and energy were derived from load displacement curves (60 Hz sampling rate).
Surgical graft reconstruction
The animal model was consistent with a single bundle ACL reconstruction stabilized proximally with an Endobutton and extracortical fixation distally.
2 Dogs were anesthetized and the surgical sites aseptically prepared. After graft harvest and preparation 23 , the native cranial cruciate ligament was excised sharply through a medial arthrotomy, and the tibial bone tunnel created. A 4.5 mm bone tunnel was created from the femoral cranial cruciate ligament origin exiting 7 mm lateral to the proximal third of the lateral trochlear ridge. The graft was passed abaxially through the femoral tunnel with about 1 cm extending beyond the cortical surface, and a transfixation suture (#2 Ethibond Excel™, Ethicon Inc, Somerville, NJ, USA) was placed 7 mm from its end. The Endobutton suture loop was removed and the polyglactin 910 suture tags on the graft were passed through the middle two holes while the polyester suture tags were passed through the two outer holes, and both were tied. Tension was applied to the articular end of the graft to seat the Endobutton and remove graft laxity prior to passing it abaxially through the tibial tunnel. Tension was applied with the joint in about 135° of flexion (standing angle) until drawer motion was negligible, and the graft was secured with either a GG or BP as described above.
Joint laxity
Anterior-posterior tibial translation was quantified using an established device (DGY 2000™) with the dogs under general anesthesia and the joint in 135° of flexion. 26 All radiographic exposures included the whole tibia and the distal third of the femur (Sound Technologies, Carlsbad, CA, USA). Joint positioning on the device was confirmed on a radiograph performed with no force applied, ie, a zero force radiograph. Subsequently, force (66.7 N, 15 lb) was applied to the anterior tibia with the femur held in place, and an exposure was made, ie, an anterior force radiograph. Force was applied to the posterior tibia for the posterior force radiograph. Total tibial, posterior tibial, and anterior tibial translation were measured on superimposed anterior and posterior force radiographs, anterior and zero force radiographs, and posterior and zero force radiographs, respectively. For measurements, tibiae were aligned and the distance between the most posterior point of the femoral condyle determined (Adobe Photoshop CS version 8.0, Adobe Systems Inc, Seattle, WA, USA). Translation was normalized to tibial width by dividing translation by tibial width and multiplying by 100. 
Three-dimensional computed tomography
Computed tomography (LightSpeed VCT #2335179-2, Medical Systems, Milwaukee, WI, USA) scans were performed during the same general anesthesia as radiographs (KV 120, MA 440, 0.625 mm slice width) with the stifles in full extension (30° flexion). Three dimensional reconstructions of knee joints were generated from two-dimensional computed tomographic slices (Mimics, version 11.1, Materialise, Leuven, Belgium). Reconstruction threshold limits were set at 537-3056 Hounsfield units. Intra-articular graft length, surface area and volume, total graft surface area and volume, and tibial bone tunnel volume and cortical aperture diameter were quantified (Figure 3 ). 29 
gait analysis
Kinetic gait analysis was performed preoperatively and 4 and 8 weeks after surgery (Force platform model # OR6-WP-1000, Advanced Medical Technology Inc, Newton, MA, USA). 30 Data logging (100 Hz, Acquire version 7.3, Sharon Software Inc, Dewitt, MI, USA) was triggered by a force of 5 N on the force platform. Five successful trials at a velocity of 1.0-2.0 m/sec and acceleration of 0.9 to −0.9 m/sec 2 were recorded for each limb at each time point. Mean vertical impulse and peak vertical force normalized to body weight, were used for statistical analyses.
Light microscopy (histology)
After mechanical testing described above, specimens were fixed in 10% neutral buffered formalin, and the proximal one third of each fixed tibia was sectioned sagittally. Tissues were embedded in paraffin, and sections (5 µm) were stained with Masson's Trichrome and hematoxylin and eosin. Graft integration and maturation were evaluated with light microscopy.
Statistical analysis
All results are reported as the mean ± standard deviation. Mechanical testing values were compared with paired (in vitro) and unpaired (in vivo) Student's t-tests (GraphPad Prism, Version 4.0, GraphPad Software Inc, La Jolla, CA, USA). A multivariate analysis of variance was used to evaluate the fixed effects of treatment (unoperated, BP, GG) on in vivo collinear response variables (SAS version 8.0; SAS Institute, Cary, NC, USA). All variables were considered continuous and tested for normality using the Shapiro-Wilk statistic. The random variance of dogs nested within treatment was used as the treatment effect error term. For responses measured over time, a repeated-measures 
Results

Mechanical testing
Outcome measures applied in this study are established and validated, with the exception of the three-dimensional volumes which were performed as reported in previous publications by the investigators. 23, [25] [26] [27] 30, 31 All limbs were used for mechanical testing, 12 limbs from the in vitro study (n = 6 per fixation, GG or BP) and 14 limbs from the in vivo study (n = 7 per fixation, GG or BP). Immediately after fixation (in vitro study), two grafts failed at the GG implant, two slipped from the fixation, and two failed mid substance, while all grafts slipped from the BP washer. Eight weeks after implantation (in vivo study), three GG constructs failed at the articular surface and four in the graft mid substance while four BP constructs failed at the articular surface and three in the graft mid substance.
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Mechanical measures were not significantly different between implants immediately after fixation (in vitro study) or 8 weeks after implantation (in vivo study, Table 1 ).
Joint laxity
Based on post mortem examination, all joints had minimal effusion and mild to moderate synovitis (Figure 4 ). Grafts were robust and intact in all dogs except one GG animal with a partial proximomedial graft defect (10%). Posterior tibial translation was significantly greater 8 weeks after surgery compared with presurgical values in the BP group (P = 0.01). There were no differences in tibial translation between implant cohorts at any point ( Table 2) .
Three-dimensional computed tomography
Measures performed on three-dimensional computed tomography reconstructions showed that graft and bone tunnel dimensions were not different between the treatment groups at any time or within treatment groups over time (Table 3) .
gait analysis
The peak vertical force was significantly greater for unoperated limbs versus those containing implants 4 weeks (P , 0.001) and 8 weeks (P , 0.001) after surgery (Table 4) . It was significantly lower for limbs containing GG implants 4 weeks (P , 0.001) and 8 weeks (P , 0.001) after surgery compared with preoperative values, and values were significantly lower 4 weeks versus 8 weeks after surgery (P , 0.001). Results were identical in the BP cohort, with preoperative values in implanted limbs being lower than in nonoperated limbs at 4 weeks (P , 0.001) and 8 weeks (P , 0.001) after surgery, and 4-week implanted limb values were lower than 8-week values (P , 0.05). The unoperated limb vertical impulse values were significantly greater than for operated limbs 4 weeks (P , 0.001) and 8 weeks (P , 0.001) after surgery ( Table 4 ).
The vertical impulse was significantly lower 4 weeks (P , 0.001) and 8 weeks (P , 0.001) after surgery compared with preoperative values in limbs containing GG, and values were significantly lower 4 weeks versus 8 weeks (P , 0.001) after surgery. There was no difference between the 4-week and 8-week vertical impulse in operated limbs within the BP cohort. The vertical impulse results were otherwise identical. Differences between GG and BP cohorts were not significant at any time point.
Light microscopy (histology)
All grafts were well integrated in bony tunnels 8 weeks after implantation. Graft microstructure in both cohorts was consistent with early ligamentization. 32 There were regions of elongated fibroblasts between parallel collagen fibers interspersed with areas with plump fibroblasts encased in amorphous extracellular matrix among poorly aligned collagen fibers ( Figure 5A ). Graft attachment to bone included rare points of fibrous attachment ( Figure 5B ), and direct ( Figure 5C ) and indirect ( Figure 5D ) insertions. Direct insertions were more prominent at the proximal aspect of the bony tunnels and indirect insertions closest to the implants.
Discussion
Clinical reports indicate that a significant number of knees become unstable after ACL reconstruction, 9,13,33 many due to graft slippage at the tibial fixation site. Tension loss from slippage can occur during surgical fixation, in the immediately postoperative period, and with cyclic loading. 11, 16, 17 Graft slippage and joint laxity occurs with currently available devices, often resulting in use of hybrid (dual) tibial fixation devices. 9, 34 The GG, a novel, bioabsorbable, extracortical fixation device, is designed to reduce graft slippage during and after surgery to prevent postoperative joint laxity. The fewer maneuvers required for graft fixation and lack of need for custom instrumentation or site preparation are procedural advantages of the GG over many existing devices. Bio-Post n = 7 5.9 ± 1.9* 9.8 ± 3.2* , ** 10.8 ± 3.9** 8.5 ± 2.2 9.9 ± 2.9 12.2 ± 5.6 14.5 ± 3.7 19.2 ± 6.2 21.7 ± 7.7
Note: Significant differences within treatment cohorts among time points are indicated with different numbers of asterisks (P , 0.05).
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We hypothesized that in vitro graft slippage would be lower and postoperative joint stability higher with the GG compared with the BP. The objective of this study was to compare the in vitro mechanical properties as well as in vivo joint laxity, graft and bone tunnel dimensions, postoperative limb use, and graft microstructure of the implants. The canine stifle is not identical to the human knee anatomically or with respect to physiologic stresses and strains. Despite these limitations, the canine model of graft reconstruction is established to assess graft reconstruction and postimplantation outcomes for preclinical testing of devices and procedures for the human knee. 15, 23, [25] [26] [27] The graft defect that occurred in the GG cohort did not interfere with graft function because outcomes from the animal were not significantly different from others in either cohort. It is unlikely that the graft would have progressed to complete failure, but this could not be confirmed within the study duration. The mechanical testing values in this study are lower than would be expected for human tissues, primarily due to differences in graft diameter, ie, 4.5 mm for canines versus 10 mm for humans. This size differential was necessary to test the implant in the canine model. The device tunnel will be enlarged for human use without changing the overall profile and the mechanical characteristics of the implant will be evaluated prior to clinical testing.
Although the differences did not reach significance, the GG constructs had greater resistance to slippage immediately after fixation. They also tended to have higher failure and yield loads and stiffness immediately after fixation and eight weeks after implantation, inferring stronger, stiffer fixation. Bone tunnel-graft mechanical strength is reported to exceed intra-articular graft strength as early as 3 weeks following implantation. 6 Mechanical values 8 weeks after implantation reflect graft properties, given that all failures occurred in graft tissue. Higher GG construct values could be due to better ligamentization owing to more stable anchorage. 35, 36 Significantly increased posterior tibial translation in the BP treatment group compared with preoperative values is consistent with increased joint laxity due to cyclical loading. Loss of cranial cruciate ligament function in the dog results in increased translational joint laxity that is, in part, due to increased posterior translation. 26 The increased posterior laxity in the BP cohort 8 Table 4 Peak vertical force (A) and vertical impulse (B) in limbs containing graftgrab, Bio-Post, or no (control) implants preoperatively, and at 4 and 8 weeks after cranial cruciate ligament reconstruction (mean ± standard deviation) Notes: Significant differences among treatment cohorts at the different time points are indicated with different letters. Significant differences within treatment cohorts across time points are indicated with different numbers of asterisks (P , 0.05).
weeks after implantation suggests that joint stabilization conferred by the grafts was reduced compared with the function of the intact ACL indicated by the presurgical values. There is a wide range of anterior-posterior displacements in normal and reconstructed human joints. 10, 37 To reduce variability between individuals in this study, values were normalized to tibial width as previously reported. 26 Tibial translation is the most sensitive indication of ACL integrity and graft reconstruction function in humans, 10, 37 and has been shown to be equally sensitive in dogs for assessment of cranial cruciate ligament integrity. 26 Therefore, it is not surprising, that changes in the BP cohort consistent with increasing joint laxity were detectable using this measure. The lack of differences in computed tomographic reconstructions may be explained by the fact that it is not possible to assess dynamic graft behavior under the static conditions during which the images were generated. Scans were performed with stifles in full extension and therefore do not reflect graft dimensions throughout the range of motion of the joint. Intra-articular graft surface area increased in the GG cohort, but decreased in the BP cohort between 4 and 8 weeks, potentially highlighting a tendency toward graft elongation.
Limb usage did not recover to the same degree in the BP as in the GG group based on vertical impulse values. The vertical impulse reflects the amount of force applied to the limb over time and the peak vertical force reflects the highest load experienced by the limb. The lack of increase in vertical impulse with an increase in peak vertical force between 4 and 8 weeks after surgery is consistent with limping. 23, 30, 38 This finding supports slower return to normal use in limbs with the BP.
Microscopically, grafts were well integrated based on their attachments to bone. During graft integration, the number of fibrous, direct, and indirect insertions varies along the length of the intra tunnel graft. Direct insertions tend to be more prominent at the area with the greatest tensile stress while indirect insertions are highest at the more stable bonegraft interface.
3 This is reportedly due to the fact that direct insertions absorb tensile stresses effectively through their four-layer interface with bone. 39, 40 Graft fixation, function, and integration ultimately determine the outcome of ACL reconstruction. 17, 19, 20, 25, [41] [42] [43] [44] The GG combines the advantages of extracortical fixation with simple implant application and graft affixation to reduce the potential for tension loss. Assessments in this study provide a comprehensive perspective of the GG, although in vitro fatigue testing and different in vivo study durations may highlight differences between implants. The results of this study support the GG as an alternative for extracortical tibial HG fixation that has procedural advantages over current implants, reduces graft failure from slippage, and results in consistent postoperative recovery in a canine model. 
